Periostin is an extracellular matrix protein that actively contributes to tumor progression and metastasis. Here, we hypothesized that it could be a marker of bone metastasis formation. To address this question, we used two polyclonal antibodies directed against the whole molecule or its C-terminal domain to explore the expression of intact and truncated forms of periostin in the serum and tissues (lung, heart, bone) of wild-type and periostin-deficient mice. In normal bones, periostin was expressed in the periosteum and specific periostin proteolytic fragments were found in bones, but not in soft tissues. In animals bearing osteolytic lesions caused by 4T1 cells, C-terminal intact periostin (iPTN) expression disappeared at the invasive front of skeletal tumors where bone-resorbing osteoclasts were present. In vitro, we found that periostin was a substrate for osteoclast-derived cathepsin K, generating proteolytic fragments that were not recognized by anti-periostin antibodies directed against iPTN. In vivo, using an in-house sandwich immunoassay aimed at detecting iPTN only, we observed a noticeable reduction of serum periostin levels (− 26%; P < 0.002) in animals bearing osteolytic lesions caused by 4T1 cells. On the contrary, this decrease was not observed in women with breast cancer and bone metastases when periostin was measured with a human assay detecting total periostin. Collectively, these data showed that mouse periostin was degraded at the bone metastatic sites, potentially by cathepsin K, and that the specific measurement of iPTN in serum should assist in detecting bone metastasis formation in breast cancer.
Introduction
Bone metastases, the spread of cancer to the bones, are most commonly associated with cancers of the prostate, lung, and breast [1] . In bone metastasis, metastatic cancer cells disrupt the physiological balance between osteoclastmediated bone resorption and osteoblast-mediated bone formation, resulting in bone destruction and release of bone 1 3 matrix-derived factors that stimulate tumor growth [1] [2] [3] . Biochemical markers of bone resorption and bone formation, which are released as a result of malignant bone involvement, have demonstrated limited clinical utility for predicting bone disease progression and risk of skeletal-related events in patients with bone metastases [4, 5] . Consequently, the development of new markers detecting bone relapse is needed.
Periostin belongs to a family of extracellular matrix proteins including thrombospondins, secreted protein acidic and rich in cysteine (SPARC), osteopontin, and tenascin that regulate biological functions during embryonic development, tissue injury, and cancer development, while these proteins are absent in almost all normal healthy adult tissues [6] [7] [8] .
In cancer, periostin is usually expressed by fibroblasts associated with the tumor stroma where it promotes tumor cell adhesion and invasion through interactions with extracellular matrix proteins (tenascin C, fibronectin, type I collagen), cell surface receptors (integrins), and proteoglycans (heparin) [6] . This gain of adhesiveness and invasiveness induced by periostin expression confers to tumor cells a selective advantage during lung metastasis formation [9, 10] . In normal bone biology, periostin is preferentially expressed by osteoblasts and osteocytes in periosteum and cortical bone, respectively [11] . Periostin-deficient mice develop periodontitis and osteoporosis [12] . It is an important mediator of cortical bone response to parathyroid hormone (PTH) and mechanical stress [11, 13, 14] . In bone metastasis, tumor cells create a permissive and supportive stroma environment for their growth [1] [2] [3] . Because periostin actively contributes to tumor growth [6, 9, 10] , we hypothesized that it could be a useful marker for the detection of bone metastasis formation. To address this question, we first characterized antibodies directed against circulating and tissue-derived forms of mouse periostin, and then developed a sandwich immunoassay with these antibodies for the sole detection of iPTN. Using this immunoassay, serum periostin levels were measured in an animal model of breast cancer bone metastasis. In parallel, we measured periostin in women with breast cancer and bone metastases with a human periostin assay detecting total periostin in serum. Our study shows that mouse periostin is cleaved at bone metastatic sites, potentially by cathepsin K, and that the specific measurement of iPTN in serum should assist in detecting bone metastasis formation in breast cancer.
Materials and Methods

Patient Population and Measurement of Total Periostin in Human Serum
A cohort of 53 women with metastatic hormone receptorpositive (or unknown) breast cancer and bone metastasis [mean age ± standard deviation (SD): 68.3 ± 11.03 years] and a control cohort of 54 age-matched healthy post-menopausal women were used for periostin serum measurements [15] . Blood was drawn 14 days before initiation of therapy. Serum was stored at − 80 °C until use. Circulating levels of periostin in patients were measured using a commercial sandwich Enzyme-linked immunosorbent assay (ELISA) kit (USCN, China), as previously described [16] .
Animal Studies
The animals were maintained in a 12-h light-dark cycle and given free access to food and water. All procedures involving animals, including their housing and care, the method by which they were culled, and experimental protocols were reviewed and approved by local ethical committees of Geneva School of Medicine (Geneva, Switzerland) and the University of Lyon (Lyon, France). Animal studies were routinely inspected by the attending veterinarian to ensure continued compliance with the proposed protocols.
Postn −Lac Z knock-in C57Bl6/J mice (Postn −/− ) and wildtype mice (Postn +/+ ) were generated as previously reported [17] . Serum and tissues (bone, lung, and heart) were collected for biochemical analyses. Bone metastasis experiments were conducted using 5 week-old immunocompetent female Balb/c mice (Charles River, France). Mouse 4T1 breast cancer cells [5 × 10 5 cells in 0.1 ml of phosphate buffered saline (PBS)] or only PBS (naïve group) were inoculated intra-arterially to animals. The formation of osteolytic lesions was monitored by radiography, using a cabinet X-ray system (Faxitron, USA). Osteolytic lesions were identified on radiographs as radiolucent lesions in bone. Animals were sacrificed on day 14 after tumor cell inoculation. The hind limbs were collected for immunohistochemistry (IHC). Serums were stored at − 80 °C until used for iPTN measurements.
Antibodies Against Mouse Periostin
Rabbit antibodies used are (i) a biotin-conjugated polyclonal antibody (Ab1) (BAF-2955, R&D, USA) and (ii) an in-house polyclonal antibody (Ab2) directed against amino acid sequences 790-811 of mouse periostin, respectively. Ab2 antibody was obtained by immunizing New Zealand White rabbits using a synthetic peptide (KKIPANKRVQG-PRRRSREGRSQ, Genepep, France) coupled to keyhole limpet hemocyanin. All spliced variants of periostin share the amino acid sequences recognized by Ab1 and Ab2 antibodies meaning that in the next immunoblotting analyses the bands recognized by both Ab1 and Ab2 antibodies correspond to iPTN and the bands recognized only by Ab1 antibody correspond to cleaved periostin at the C-terminal end.
Preparation of Mouse Serum
Serum (25 µl) was depleted of three high abundant proteins [albumin, immunoglobulin G (IgG), and transferrin] using a MARS Ms-3 cartridge (Agilent technologies, USA). Proteins were desalted by precipitation using 2-D Clean-Up kit (GE-Healthcare-Life-Sciences, Germany), according to the manufacturer's instructions. Thereafter, proteins were rehydrated with 25 µl of Laemmli sample buffer (Bio-Rad, USA) or 25 µl of Destreak rehydration solution (GE-HealthcareLife-Sciences, Germany) for one-dimensional (1D) or twodimensional (2D) electrophoresis, respectively.
Preparation of Mouse Tissue Extracts
The proximal and the distal metaphysis of femora were removed and the bone marrow was flushed out. Bones and lungs of mice were extensively washed with demineralized water and then ground to fine powder in liquid nitrogen. Proteins were extracted from tissue powder using 7 M urea, 2 M thiourea, 4% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS), 20 mM 1,4-dithiothreitol (DTT), and 1% immobilized pH gradient (IPG) buffer pH 3-10 (GE-Healthcare-Life-Sciences, Germany), desalted and concentrated by precipitation using 2-D Clean-Up kit. Proteins were rehydrated with Destreak rehydration solution and quantified using 2-D Quant kit (GE-Healthcare-LifeSciences, Germany).
Electrophoresis and Immunoblotting
For 1D electrophoresis, non-reduced or reduced, 5 µl of depleted serum was loaded on 7.5% Mini-PROTEAN® TGX™ Precast Protein Gels, 10-well, 30 µl (Bio-Rad, USA) and electrophoresed at 200 volts with Mini-Protean® Tetra Vertical Electrophoresis system (Bio-Rad, USA).
For 2D electrophoresis, 60 µg of protein tissue extracts or 12.5 µl of depleted serum was diluted to a final volume of 125 µl in a Destreak solution buffer supplemented with 20 mM DTT and 1% IPG buffer pH 3-10. IPG strips, 7 cm, pH 3-10 L (GE-Healthcare-Life-Sciences, Germany) were rehydrated with the samples during 18 h at 20 °C. The isoelectric focusing (IEF) was carried out using an Ettan IPGphor II IEF Unit (GE-Healthcare-Life-Sciences, Germany) for 4.5 h with a gradient of 500-4000 V-h. After IEF, IPG strips were first reduced in a buffer containing 6M urea, 50 mM Tris-HCl, pH 8.8, 2% sodium dodecyl sulfate (SDS), 30% glycerol, and 0.002% bromophenol blue supplemented with 10 mg/ml DTT, and then alkylated using the same buffer supplemented with 25 mg iodoacetamide (GE-Healthcare-Life-Sciences, Germany). The procedure was done at room temperature for 15 min with each component (DTT and iodoacetamide). Reduced and alkylated IPG strips were then placed on 7.5% Mini-PROTEAN® TGX™ Precast Protein Gels, 7cm IPG/prep well, 450 µl (Bio-Rad, USA) and then proteins were electrophoresed at 110 V.
After electrophoresis, proteins were transferred onto nitrocellulose membranes with iBlot Dry Blotting System (ThermoFisher Scientific, USA) and analyzed by immunoblotting. Membranes were probed with rabbit anti-periostin Ab1 or Ab2 polyclonal antibody (1:1000 dilution) or with a mouse monoclonal antibody (5 µg/ml concentration) that is directed against γ-carboxylation modification of glutamic acid (Gla) residues (Sckisui Diagnostics LLC, USA). After overnight incubation with primary antibodies at 4 °C, membranes were washed then incubated 1 h at room temperature with horseradish peroxidase (HRP)-conjugated donkey anti-rabbit (1:8000 dilution) or HRP-conjugated goat anti-mouse secondary antibody (1:8000 dilution) (Jackson ImmunoResearch, UK), and immunostaining was performed with a Chemiluminescence Imaging System (Chemi-Smart 2100WL/20M, Vilber Lourmat, Germany).
IHC
Hind limbs were fixed in alcohol, formalin, and acetic acid fixative, decalcified with Osteosoft solution (Merck KGaA, Germany), dehydrated, and paraffin-embedded. Bone tissue sections were incubated overnight at 4 °C with rabbit polyclonal Ab1, Ab2 (1:1000 dilution) and cathepsin K antibody (1:100 dilution, Biovision Inc., USA). After washing, bone tissue sections were incubated 1 h at room temperature with an HRP-conjugated donkey anti-rabbit secondary antibody (1:100 dilution; GE-Healthcare-Life-Sciences), and the signal developed with diaminobenzidine (Dako product, Agilent Technologies, InC., USA). Additionally, osteoclasts within bone tissue sections were stained using the tartrateresistant acid phosphatase (TRAP) activity kit assay (Merck KGaA, Germany).
Development of an ELISA Assay Against Mouse iPTN
All steps of this protocol were performed under shaking conditions (450 rpm). Streptavidin-coated plates (Nunc Immobilizer, Dutscher, France) were first washed three times with Tris-buffered saline (TBS) containing 0.05% Tween-20 (Euromedex, France). Then plates were coated with Ab1 antibody (200 µl/well; 200 ng/ml) in TBS containing 0.5% bovine serum albumin [(BSA), Euromedex, France] and 10 mM CaCl 2 (Merck KGaA, Germany) (assay buffer), for 2 h at room temperature. After washing with TBS containing 0.5% BSA and Tween-20 (washing buffer), 50 µl/well of zero calibrators (assay buffer), calibrators (serial dilutions of the recombinant mouse periostin [R&D System, Inc., USA] in assay buffer), quality controls, and unknown sera (diluted to 1:40 in assay buffer) were incubated overnight with Ab2 antibody (100 µl/well; 16 ng/ml diluted in assay buffer) at 4 °C. The unbound material was eliminated by washing. Then, HRP-conjugated antibody diluted to 1:8000 in assay buffer was added (100 µl/well) for 1 h at room temperature. After a final wash, 100 µl/well of substrate solution [3,3′,5,5′ tetramethylbenzidine, (TMB), Euromedex, France] was added for 30 min and the reaction was stopped by the addition of 100 µl/well of 0.2 M sulfuric acid (Merck KGaA, Germany). Optical density (OD) was measured at a wavelength of 450 nm, corrected for absorbance at 620 nm. Unknown values were calculated using a five-parameter curve fitting procedure (Ascent™ Software for Multiscan, ThermoFisher Scientific, USA). All measurements were performed in duplicate.
Cathepsin K Digestion and Liquid ChromatographyTandem Mass Spectrometry (LC-MS/MS) Analysis
Mouse recombinant periostin (1.1 µM) was digested with cathepsin K (Enzo, France) (2.2 µM) at 20 °C (substrat/ enzyme ratio: 0.01, 0.1, 0.5, 1, 1.5, 2). After 1 h incubation, cathepsin K inhibitor E64 (250 µM) (Merck KGaA, Germany) was added to stop the digestion. The different digested periostin samples obtained were either used for immunoblotting detection, or LC-MS/MS analysis or ELISA measurement. Periostin proteolytic fragments were then separated by 1D electrophoresis on 4-20% Mini-PRO-TEAN® TGX™ Precast Protein Gels, 10-well, 30 µl (BioRad, USA), at 200 V and immunoblotted with Ab1 or Ab2 antibodies or stained with Bio-Safe TM Coomassie G-250 (Bio-Rad, USA). The 25-kDa Coomassie-blue-stained proteolytic band was excised, digested with trypsin and peptides sequenced on LTQ Velos and Qstar XL Mass Spectrometers (ThermoFisher Scientific, USA).
Statistical Analysis
All data were analyzed using StatView software (SAS, USA). Results are reported as mean ± SD. Pairwise comparisons were carried out by performing a non-parametric Mann-Whitney U test. P values less than 0.05 were considered statistically significant.
Results
Circulating Periostin Levels in Breast Cancer Patients with Bone Metastases (Fig. 1)
Periostin levels were measured in the serum of breast cancer patients with bone metastases (n = 53) and compared to that observed in the serum of healthy individuals (n = 54), using a sandwich ELISA kit with a polyclonal antibody (AbH) that is directed against the first fasciclin-like domain (FAS I) of human periostin, which is common to all periostin isoforms (Fig. 1a) . Serum periostin levels did not significantly differ between women with breast cancer and bone metastasis and those from aged-matched healthy post-menopausal women (− 6%, 3272 ± 1043 vs. 3489 ± 1015 ng/ml, P = 0.18) (Fig. 1b) . We used two polyclonal antibodies against mouse periostin, one being commercially available and directed against amino acid sequence 24-811 (Ab1) and the second one (Ab2) was developed in our laboratory and directed against the last C-terminal 22 amino acids (790-811) (Fig. 2a) . All spliced variants of periostin share the same amino acid sequence recognized by Ab1 (first FAS I domain) and Ab2 (last 22 C-terminal amino acids) antibodies, thereby allowing the detection of all periostin isoforms. Ab1 and Ab2 antibodies were first used to identify periostin by immunoblotting after separation of protein extracts from mouse sera by 1D electrophoresis (Fig. 2b) . When proteins were electrophoresed under non-reducing conditions (− DTT), Ab1 and Ab2 antibodies recognized the same 250-kDa protein band in the serum from C57Bl6/J normal mice (Fig. 2b) . This 250-kDa band disappeared under reducing conditions (+ DTT), while several bands, including a strongly stained 75-kDa doublet band, were immunodetected by Ab1 antibody (Fig. 2b) . Ab2 antibody only recognized the upper band of this doublet (Fig. 2b) . Importantly, these protein bands were not immunodetected in the serum of Postn −/− mice (Fig. 2b) , demonstrating the specificity of Ab1 and Ab2 antibodies against periostin. These bands likely represented polypeptides closely related in structure, suggesting a mixture of intact and proteolytic forms of periostin. To further address this question, serum proteins were electrophoresed and transferred to a nitrocellulose membrane, then a single lane was split in half, each half was blotted separately with antibodies Ab1 and Ab2, and the two halves were matched prior to imaging. As shown in Fig. 2c , under reducing conditions (+ DTT), Ab2 antibody only stained the upper molecular-weight band, whereas both bands were stained with Ab1 antibody. Proteins extracted from the serum, and bone and soft tissues (lung and heart) of wild-type and Postn −/− mice were then subjected to 2D electrophoresis, transferred to nitrocellulose membranes and probed with Ab1 or Ab2 antibody. As shown in Fig. 3 , conditions on 7.5% SDS-polyacrylamide gels. The proteins were transferred to nitrocellulose membranes and immunoblotted with anti-periostin Ab1 or Ab2 antibodies. Arrows show periostin-positive bands. c Representative western blots of serum from Postn +/+ mouse. The 1D electrophoresis and the immunoblotting were performed as described in b. Then a single lane was split in half (dotted line), each half was blotted separately with antibodies Ab1 or Ab2, and the two halves were matched prior to imaging irrespective of the protein source, Ab1 and Ab2 antibodies detected an array of spots with molecular weights at about 75 kDa. However, isoelectric points (pI) of Ab1-positive spots ranged mainly between 6 and 7 (Fig. 3a , Postn +/+ , box 1), whereas those of Ab2-positive spots ranged essentially between 7 and 9 ( Fig. 3b , Postn +/+ , box 2) (see spot details with area magnification, Fig. 3c ). Moreover, Ab1 antibody specifically recognized an array of spots at 37 kDa in bone, but not in the serum and soft tissues (lung and heart) of Postn +/+ mice, that likely represented proteolytic fragments of periostin (Fig. 3a , Postn +/+ , bone, box 3). Other spots detected by Ab1 and Ab2 antibodies in the serum and tissues of Postn +/+ mice were non-specific, since these spots were also detected in the serum and tissues of Postn −/− mice ( Fig. 3; arrows) .
Periostin Is Not a γ-Carboxylated Protein (Fig. 4) It has been previously reported that periostin is a vitamin K-dependent γ-carboxylated protein [18] . To analyze for the presence of γ-carboxylation, proteins extracted from the serum and bone and lung tissues were subjected to 2D electrophoresis, transferred to nitrocellulose membrane and probed by immunoblotting using a monoclonal antibody specific for Gla residues. As shown in Fig. 4 , there was no overlap between Gla-positive spots and areas where periostin-positive spots were detected in the serum and lung (boxes 1 and 2) and in bone (boxes 1, 2, and 3) from Postn +/+ mice. Additionally, similar Gla-positive spots were observed in the serum and tissues from Postn −/− mice while periostin was deleted. These data demonstrated that mouse periostin was not a γ-carboxylated protein, as proposed by Coutu et al. [18] . Similar findings were recently reported for human periostin [19] . Additionally, we verified in our immunoblotting conditions that the commercial monoclonal anti-Gla antibody recognized two well-known Gla proteins, the vitamin K-dependent protein C (9 Gla residues) and the coagulation factor IX (12 Gla residues). We observed a specific labeling at the expected molecular weights (62 and 55 kDa, respectively) and pI areas (4.4-4.8 and 4.2-4.5, respectively) (Supplemental Fig. S1 ).
In Situ Expression of Periostin in Normal and Metastatic Mouse Bones (Fig. 5) IHC of mouse bone tissue with Ab1 and Ab2 antibodies showed a strong expression of periostin in the periosteum, but not the endosteum (Fig. 5a, arrows) . In experimental bone metastasis caused by mouse 4T1 breast cancer cells, Ab1 immunostaining of bone metastatic tissue sections showed a strong stromal expression of periostin at the invasive front of the tumor, whereas Ab2 immunostaining was negative (Fig. 5b, Ab1 and Ab2). Additionally, as judged by the TRAP and cathepsin K staining of bone tissue sections, this absence of Ab2 immunostaining localized at the tumor bone interface where active osteoclast resorption surfaces were present (Fig. 5b, TRAP and 5B-cathepsin K). Of note, both Ab1 and Ab2 antibodies still strongly stained the periosteum in normal bone areas at a distance from skeletal tumors (Fig. 5c, arrows) , further indicating that the loss of immunoreactivity with Ab2 antibody was specifically associated with cancer-induced osteolysis.
In-House ELISA to Measure iPTN in Serum (Fig. 6a) We developed a sandwich ELISA for the sole detection of iPTN forms, using Ab1 and Ab2 as the capture and detection antibodies, respectively. A typical standard curve is shown in Fig. 6a . The intra-and inter-assay precisions of the immunoassay for serum were below 4 and 13%, respectively. The mean dilution recovery was 105% and the mean spiking test was 99%, allowing accurate measurements of periostin from 1 to 50 ng/ml. The detection limit-defined as the concentration 2 standard deviations above that of the lowest calibrator was < 1 ng/ml. Serum periostin was stable for up to 5 thaw/ freeze cycles and at least 2 h at room temperature. In addition, our immunoassay did not measure any circulating periostin levels in Postn −/− mice and it did not allow detection of human serum periostin (data not shown), demonstrating its specificity. (Fig. 6b) We next measured circulating levels of periostin from animals bearing metastatic osteolytic lesions caused by murine 4T1 breast cancer cells. Fourteen days after tumor cell inoculation, animals developed osteolytic lesions, as judged by radiography (Fig. 6b, inset and white arrows), at which time Additionally, similar arrays of Gla-positive spots in the serum and tissues (bone, lung) from Postn +/+ and Postn −/− mice were observed blood was collected for serum measurement of periostin levels. Compared to age-matched naïve animals (i.e., mice that did not receive 4T1 cells), there was a 26% decrease of periostin levels in the serum of metastatic animals (mean ± SD: 560 ± 100 vs. 756 ± 64 ng/ml, P < 0.002) (Fig. 6b) .
Association Between Serum Periostin Levels and Bone Metastasis in Animals
Recombinant Mouse Periostin Is a Substrate for Cathepsin K (Fig. 7)
Cathepsin K is a major cysteine protease in osteoclasts that plays a key role in osteoclast-mediated bone resorption [1] . We therefore tested the ability of cathepsin K to digest mouse recombinant periostin. As shown in Fig. 7a , cathepsin K generated at least four proteolytic fragments with molecular weights ranging from 75 to 25 kDa. These proteolytic fragments were detected by Ab1, but not Ab2 antibody. The 25-kDa proteolytic fragment of mouse periostin was a final degradation product ( Fig. 7a ; arrow and Supplemental Fig.  S2 ). This Coomassie-blue-stained proteolytic fragment was therefore sequenced by LC-MS/MS. The sequence analysis demonstrated the presence of N-terminal fragments between amino acid residues Val97 and Glu377, which consisted mainly of the two first FAS I domains (amino acids: 99-367) of mouse periostin (Fig. 7b) . Thus, periostin is a substrate (Fig. 7c) . In addition, recombinant mouse periostin was treated with different ratios of cathepsin K/periostin (0.5, 0.1, 0.01). The resulting fragments were analyzed by 1D electrophoresis and immunoblotting with Ab1 or Ab2 antibodies. In parallel, remaining intact periostin (%) was measured with our in-house ELISA assay. The fragments of periostin generated by cathepsin K cleavage were not recognized on the immunoblot with Ab2 and were not measured by ELISA, demonstrating the specificity of our assay for iPTN (Fig. 7d) .
Discussion
Origin of This Study
We previously developed a competitive assay for the measurement of total circulating periostin in mouse using Ab2 antibody [20] . According to the location of the Ab2 epitope, the last C-terminal 22 amino acids common to all periostin isoforms, this assay reflected stoichiometrically the expression of periostin. This epitope is mouse specific and consequently this assay is not adequate for human periostin measurements. We observed that serum periostin was markedly increased in metastatic mice inoculated with human B02 breast cancer cells suggesting that periostin could be a biochemical marker of the early stromal response associated to breast cancer bone metastasis [21] .
Measurement of Total Periostin in Human Serum
In order to evaluate the relevance of this approach in human, we measured serum periostin levels in a cohort of women with breast cancer and bone metastasis with a commercial sandwich ELISA kit previously described [16, 22] . This assay used a polyclonal antibody (AbH) that is directed against the FAS I of human periostin common to all periostin isoforms meaning that it also reflects stoichiometrically the expression of human periostin. As opposed to what was observed in mouse, periostin levels did not significantly differ between women with breast cancer and bone metastasis and healthy post-menopausal women. Our data suggested that the measurement of total periostin was not relevant in human. It can be noted that Sasaki et al. showed that serum periostin levels were elevated in breast cancer patients presenting with bone metastases compared to similar breast cancer patients without evidence of bone metastasis [23] . As they used an in-house assay with two antibodies whose epitopes were not described, we do not know which forms of periostin are recognized by this assay. Measurement of serum periostin levels in a mouse model of breast cancer bone metastasis. a Standard curve of the mouse periostin sandwich immunoassay. The x-axis corresponds to serial dilutions of a known concentration of recombinant mouse periostin, used here as a standard. The y-axis shows the optical density (OD). The detection limit-defined as the concentration two standard deviations above that of the lowest calibrator was < 1 ng/ml. Serum periostin was stable for up to 5 thaw/freeze cycles and at least 2 h at room temperature. b Serum periostin levels in animals bearing osteolytic lesions (n = 9), 2 weeks after inoculation of murine 4T1 breast cancer cells, compared with naïve animals that did not receive 4T1 cells (n = 9). Inset: representative radiographic image of mouse metastatic legs, showing the extent of bone destruction (arrows)
Characterization of Periostin Forms in Serum and Tissues from Wild-Type Mice
In order to develop a more relevant periostin assay, we analyzed the periostin forms present in the circulation and in the tissues of wild-type mice. We demonstrated that periostin circulated only as disulfide multimers of 250 kDa. These multimers were composed of monomer forms, at least four, around 75 kDa detected differently by Ab1 and Ab2 antibodies. Those not recognized by Ab2 correspond to fragments Fig. 7 Periostin is a substrate for cathepsin K. a Representative immunoblots of mouse recombinant periostin not treated (−) or treated with cathepsin K (+) (cathepsin K/periostin ratio 0.5). The 1D electrophoresis was performed under reducing condition on 4-20% SDS-polyacrylamide gels. The proteins were transferred to nitrocellulose membranes and immunoblotted with anti-periostin Ab1 or Ab2 antibodies. Alternatively, the electrophoresed proteins were stained with Coomassie blue directly in the gel. Both Ab1 and Ab2 antibodies recognized the intact form of periostin, whereas truncated forms of periostin were detected by Ab1 antibody only. The proteolytic degradation of periostin by cathepsin K generated a 25-kDa Coomassieblue-stained band (arrow) that was extracted from the gel and subjected to LC-MS/MS analysis. b Amino acid sequence of the 25-kDa Coomassie-blue-stained band, starting from residue Val97 to residue Glu377 (in boldface type and underlined). c Schematic representation of periostin domain structure, highlighting the two first FAS I domains which correspond to the amino acid sequence of the 25-kDa proteolytic fragment generated by cathepsin K. As opposed to Ab2 antibody, Ab1 antibody binds to this proteolytic fragment. d A representative immunoblots of mouse recombinant periostin treated or not with different ratios of cathepsin K/periostin (0.5, 0.1, 0.01). The 1D electrophoresis was performed under reducing condition on 4-20% SDS-polyacrylamide gels. The proteins were transferred to a nitrocellulose membrane and immunoblotted with anti-periostin Ab1 and Ab2 antibodies. In the table was reported the % of iPTN measured with the specific ELISA according to the cathepsin K/periostin ratio cleaved in their C-terminal part. Those recognized by both antibodies were rather under 80 kDa suggesting also a potential cleavage in the N-terminal part before the cysteine cluster responsible of disulfide bridges leading to multimers. Moreover, 2D electrophoresis showed that the periostin, in the tissues and in the serum, was a mixture of proteins distributed along a vertical axis according to their molecular weights as previously shown with 1D electrophoresis approach but also along a horizontal axis according to the difference of pI. We also noticed that the labeling between Ab1 and Ab2 was different with Ab2 recognizing only a part of protein spots detected by Ab1 with more basic pI (between 7 and 9). We verified the specificity of periostin spots using null mice serum. This was particularly useful for Ab2 because the presence of non-specific chain of spots found both in wild-type and null mice serum. Interestingly, in bone Ab1 recognized specifically a serial of spots with a molecular weight around 37 kDa not highlighted by Ab2 suggesting the presence of smaller periostin fragments in bone cleaved at the C-terminus. These fragments were not detectable in the serum. Collectively, these results showed that the periostin is a complex family of proteins with a specific bone signature.
Periostin Is Not a ɣ-Carboxylated Protein
These chains of spots in the horizontal axis suggested a serial of post-translational modifications for mouse periostin. Coutu et al. have shown that periostin from mesenchymal stromal cells could be ɣ-carboxylated but Annis et al. did not observe this phenomenon in human periostin from lung [18, 19] . Using the same antibody as in the Coutu et al. study, directed against Gla residues, we did not detected the periostin spots in serum and tissues demonstrating that the mouse periostin forms recognized by Ab1 and Ab2 antibodies were not ɣ-carboxylated. However, the antibody antiGla highlighted in serum and bone several acidic spots that were present both in wild-type and null mice. These spots may correspond to the serum Gla proteins involved in blood coagulation (coagulation factors II, VII, IV, and X, proteins C and S) and the well-known ɣ-carboxylated bone proteins osteocalcin (OC) and matrix-Gla-protein (MGP). One explanation of the discrepancy with Coutu et al. could be that these authors used in vitro system with mesenchymal stromal cells stimulated by vitamin K. On the contrary, we used in vivo system with mouse serum and proteins extracted directly from tissues. The same approach was performed by Annis et al. using proteins extracted from fibrotic lungs [19] . Another post-translational modification demonstrated for periostin is a N-glycosylation in amino acid 601 [24] . We could hypothesize that the horizontal chain of spots could be the result of a variable length of the sugar chain leading to different pI. Collectively, these results show that mouse periostin was not ɣ-carboxylated in vivo.
Strategy for the Development of a New Assay
Using 1D and 2D electrophoresis, we found in mouse serum and tissues the presence of different forms of periostin. However, this approach does not highlight qualitative and quantitative differences concerning the circulating forms of periostin between control and mice inoculated with 4T1 breast cancer cells developing bone metastases (data not shown). Moreover, the IHC performed on metastatic bone tissue sections showed that Ab2, recognizing only iPTN, did not stain the desmoplastic tumor stroma adjacent to bone where active osteoclast-mediated bone resorption and cathepsin K was taking place (Fig. 5b) , whereas it did stain the periosteum at a distance from the tumor (Fig. 5c) . The observation that Ab2 antibody could no longer bind to its epitopes at the tumor/bone interface was indicative of the proteolytic degradation of periostin specific for the bone metastatic process. Taken together, these data suggested that the specific measurement of cleaved periostin or intact forms could be more relevant in a context of bone metastases.
Sandwich Assay Development and Preclinical Evaluation
We developed a new assay with the two antibodies used for the previous immuno-chemical study with Ab1 as capture antibody and Ab2 as revelation antibody. According to this assay format and with the epitope locations, this pair of antibodies is able to detect only the intact forms of periostin. We showed that these intact forms were circulating as opposed to the bone fragments (see Fig. 3a , Postn +/+ , box 3, serum vs bone). Moreover, developing a sandwich assay eliminates all risks of non-specific recognition in serum as showed by the non-specific background observed with Ab2 in 2D electrophoresis analyses. Our assay demonstrated adequate technical performances with respect to precision, dilution of serum samples, and specificity allowing the accurate measurement of serum mouse iPTN levels. We used a protocol with mice inoculated with 4T1 breast cancer cells developing bone metastases. We observed a significant decrease of iPTN serum levels in these animal compared to control mice (− 26%) suggesting that the reduction of circulating iPTN was associated with occurrence of breast cancer osteolytic lesions in vivo.
Hypothesis for the Serum Decrease of iPTN in Mice Bearing Bone Metastases
This decrease of serum iPTN levels was concomitant to an intense labeling of metastatic areas in bone with Ab1 (Fig. 5b, Ab1) . This IHC result is consistent with an overexpression of periostin in metastases as previously showed [21] . These differences between tissue expression and serum levels could be explained by a degradation of periostin by bone enzymes. In this regard, cathepsin K appears as a potential candidate. This is the most abundant degrading enzyme in bone and it is overexpressed in metastatic models [25] . We observed that recombinant periostin molecule was a substrate for cathepsin K in vitro generating large fragments not recognized by Ab2 meaning that the C-terminal part was cleaved. We verified that these fragments were not detected in our assay. Cathepsin K deletion in animals leads to an upregulation of periostin in the periosteum during bone formation and increased serum levels of periostin in cathepsin K-deficient mice, as measured with our in-house assay [26] . Moreover, Garnero et al. identified two major cleavage sites for cathepsin K located in the C-terminal part of human periostin [27] . The resulting peptide was measured in human serum and also detected in the mouse tibia cortical bone demonstrating that human and mouse periostin were both substrates for cathepsin K. This peptide (eight amino acids in bold letters) and the amino acids on both sides were highly conserved between human (IKVIE-GSLQPIIK-TEGPA) and mouse (IKVIQ-GSLQPIIK-TEGPA) sequences suggesting that the cleavage sites were active in both species. Interestingly, these cleavage sites were located 142/150 amino acids before the C-terminal end generating large fragments of periostin with reduced molecular weights of 14/15 kDa compared to iPTN. This difference was in the same order of magnitude than that observed in our immunoblotting experiments under reducing conditions (Fig. 2c) . In addition, IHC of metastatic bone tissue sections indicated the presence of osteoclasts and cathepsin K at the tumor/ bone interface where the staining of Ab2 disappeared, further suggested that periostin cleavage was intense in this area (Fig. 5b) . Taken together, these data suggested that periostin could be cleaved by cathepsin K at the tumor/bone interface.
Strengths and Limitations
The strengths of our study include (1) a global approach for the development of an assay including 2D electrophoresis analyses for the characterization of circulating periostin forms but also for the characterization of antibody recognition, (2) the highlighting of a periostin bone signature corresponding to periostin fragment cleaved in C-terminus, and (3) the development of a reliable periostin assay measuring specifically the intact forms of periostin showing a significant decrease of serum iPTN levels in animal bearing bone metastases compared to control mice.
However, we did not highlight qualitative modifications with 2D approach in relation with the quantitative differences observed by enzyme-linked immunosorbent assay in the animal protocol (data not shown). This could be due to the limits of separation of 2D mini-gel electrophoresis. We only have a bundle of indirect arguments suggesting the involvement of cathepsin K in the periostin cleavage. Firstly, the origin of cathepsin K is uncertain: it can come from osteoclasts but also from 4T1 cancer cells [28] [29] [30] . Moreover, in the family of cysteine proteases, cathepsin B or L can also cleave mouse periostin [27] . Previous studies identified periostin as a substrate for matrix metalloproteinases (MMPs) MMP-3, MMP-12, and MMP-14 [31] , the last two being expressed by mouse osteoclasts [32] . Proteolytic degradation of periostin in bone metastasis could therefore also result from cleavage by MMP-12 or MMP-14. However, none of these MMPs were involved in bone matrix degradation [32] , as opposed to cathepsin K in breast cancer and bone metastasis [33] [34] [35] [36] .
Additional studies are needed with other mouse models of osteolytic bone metastasis to evaluate if the reduction of iPTN is correlated to the early detection of bone metastases. Finally, proteolysis of periostin by circulating proteases in vivo and/or during sample handling ex vivo might also occur. We and others [37, 38] previously reported similar observations with the truncation of human osteocalcin, emphasizing the need of careful sampling conditions to generate reliable data.
Conclusion
Our findings underscore the importance of knowing the catabolism of bone proteins for the development of new immunoassays. Several different immunoassays for periostin measurement are commercially available. Serum periostin levels rely on the epitope recognized by the immunoassay and these epitopes are not known most of the time, so it is difficult to interpret data. Nevertheless, our study is the first one showing that the reduction of circulating levels of iPTN was associated with occurrence of breast cancer osteolytic lesions in animals. We hypothesize that this circulating decrease is due to cathepsin K cleavage. In the light of these experimental findings, we suggest that the specific serum measurement of iPTN should assist in detecting bone relapse in breast cancer patients.
